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(57) ABSTRACT

Various optical apparatus, in particular embodiments, may
provide a source of parallel light (7, 75). The parallel light
(7, 75) may be generally achieved by directing an incident
beam at the apex of a prism (1, 22, 24, 26, 28). The prism
may have varying configurations. One configuration has a
forward conical face (24). Another configuration has a
pyramidal forward end (22). Other configurations are also
disclosed. Various optical methods and methods for flow
cytometry are also disclosed.
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OPTICAL APPARATUS

[0001] This application is a divisional application of, and
claims benefit of and priority to, U.S. patent application Ser.
No. 10/990,648, filed Nov. 16, 2004, issuing May 22, 2007
as U.S. Pat. No. 7,221,453, which itself is a continuation
application of, and claims the benefit and priority of, U.S.
patent application Ser. No. 09/355,461, filed Jul. 29, 1999,
issuing Nov. 16, 2004 as U.S. Pat. No. 6,819,411, which
itself was a United States National Phase patent application
of International Application No. PCT/NZ98/00009, pub-
lished Aug. 6, 1998, filed Feb. 2, 1998, which itself claims
the benefit of and priority of New Zealand Provisional
Specification Number 314169 filed Jan. 31, 1997, each
above-mentioned application hereby incorporated by refer-
ence.

BACKGROUND OF THE INVENTIVE
TECHNOLOGY

[0002] This invention relates to an optical apparatus. In
particular, although not exclusively, this invention has appli-
cation to the field of flow cytometry. However, it is to be
understood that several of the inventive aspects have appli-
cation beyond flow cytometry and may have broad applica-
tion in the field of optics generally. For example, several
aspects of the invention may be used in photometry or
optical particle detection apparatus.

[0003] Generally when illuminating a particle or an object
for analysis, the light source is directed onto the particle
from a single direction. An analysis may be made of light
reflected or produced by the particle e.g. fluorescence to
reveal certain properties of the particle. The particular
portion of the particle illuminated depends on the orientation
of the particle with respect to the light source. Where the
particle or object is asymmetrical, the light measurements
will vary depending on which portion is illuminated, making
it difficult to analyze the particle or object as a whole.

[0004] Such difficulties are encountered in flow cytometry
since it is common for particles being analyzed to be
asymmetrical e.g. mammalian spermatozoa.

[0005] Flow cytometers are often used to measure the
properties of cells or particles which are carried in a stream
of fluid. The stream is generally comprised of a sheath fluid
into the centre of which is injected a narrow aqueous
suspension of cells/particles. The sheath fluid focuses the
sample cells/particles into single file. The stream containing
the particles/cells passes through an inspection point which
is the focus of an intense light beam. The particles/cells may
have been stained with a light-sensitive stain which when
illuminated, will absorb the incident light and fluoresce.
Light scatters off the particles and/or alternatively causes
fluorescence. This scattered or fluorescent light is then
measured by a detector generally aligned with the incident
beam. The characteristics of the detected signal(s) such as
peak intensity, peak area or other characteristics of interest
may then be used to derive properties of the particle, for
example size.

[0006] In a flow cytometer with sorting capability (as
opposed to a purely analytical instrument) the detected
signal(s) may be used to trigger sorting hardware which can
be programmed to divert droplets from the stream of fluid.
The sorting criteria will vary with the application, for
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example, the sorting may be conducted according to size or,
in the case of spermatozoa, the DNA content of the cell.

[0007] One problem with conventional flow cytometers is
that particle asymmetry often renders the optical character-
istics of a particle difficult to measure. For example, a flat
particle can pass through the inspection point with a random
orientation. Thus, the intensity of the resultant scattered or
fluorescent light may vary according to particle orientation
and the detectors will measure different light intensities at
different locations.

[0008] Thus, particle asymmetry can lead to a reduced
resolution of measurement of the particles. It follows that, in
cytometers with a sorting capability, this reduced resolution
in measurement of the particles results in a decreased ability
to accurately separate populations of cells with different
optical properties. Such a problem is encountered in sepa-
ration of male and female mammalian sperm.

[0009] In mammals, sperm carry the sex determining
chromosomes and the total DNA content found in male and
female sperm may differ. For example, in cattle the differ-
ence in the DNA content between male and female sperm is
approximately 4%. This difference in DNA provides a
means by which sperm may be separated in a sorting flow
cytometer, making a predetermination of an offspring’s sex
possible when artificial breeding of animals is carried out.
Utilizing such a technique in artificial breeding would offer
considerable economic advantages in livestock manage-
ment, but is currently made difficult by the asymmetric
geometry of the flat sperm head. As an example, bull sperm
are flat cells with head dimensions of approximately 10
microns by 4 microns by 1 micron attached to a 40 micron
flagellum. The asymmetric properties of the bull sperm head
result in a high variation in both scattered light and fluo-
rescent light emission with sperm orientation. In particular,
fluorescent emission varies by a factor of two with sperm
orientation (see DNA Contention Measurements of Mam-
malian Sperm. CYTOMETRY 3:1-9[1982]), effectively
masking the 4% variation in intensity due to the sex of the
sperm.

[0010] A number of flow cytometric systems have been
developed in an attempt to overcome the problems encoun-
tered when analyzing asymmetric particles such as sperm
cells.

[0011] One flow cytometric system that has been devel-
oped in an attempt to overcome this problem introduces
asymmetric cells traveling in a slow moving stream into the
middle of a fast flowing sheath stream. Hydrodynamics then
tends to align the asymmetric cells with their long axis
parallel to the direction of the fast flowing sheath stream.

[0012] While this approach tends to reduce the vertical
variation of light intensity from asymmetric particles, the
radial variation remains. This system has been further
refined so as to further reduce the orientation-related varia-
tion in the detected light intensity of particles.

[0013] The system developed by Pinkel et al. (see Flow
Cytometry in Mammalian Sperm. Progress Morphology and
DNA Measurement. THE JOURNAL OF HISTOCHEMIS-
TRY AND CYTOCHEMISTRY 24:353-358[1979)),
showed that the orientation of bull sperm could be further
aligned by bevelling the end of the tube which injected the
sample stream (i.e. that which contains the sperm) into the
sheath flow.



US 2007/0285662 Al

[0014] The system which attempted to overcome the prob-
lems of flow cytometric analysis of asymmetric cells was
that described by Johnson (see Sex Preselection by Flow
Cytometric Separation of X AND Y Chromosome Bearing
Sperm Based on DNA Difference: A review. REPRODUC-
TIVE FERTILITY DEVELOPMENTS 7:893-903[1995)),
in relation to separation of bull sperm by sex. Johnson’s
approach utilized two detectors; one in line with the illumi-
nating laser beam (the O degree detector) and one at right
angles to the beam (the 90 degree detector). Sperm emit
fluorescence preferentially through their narrow edges.
Johnson determined which sperm were aligned edge-on to
the 90 degree detector by detecting the bright emission from
their edges, and used the 0 degree detector for measuring the
flat-face emission from only the aligned sperm.

[0015] However, this system still had a number of draw-
backs. One drawback was that it was a requirement for this
system that the sample flow be moving slowly with respect
to the sheath flow, thereby reducing sample throughput. A
further drawback was that it only produces good alignment
at very low flow rates. At the optimal flow rate, which
produced the greatest number of aligned cells per second,
only 40% of cells were aligned. Thus, the number of aligned
cells had been increased from 10% to 40%, but approxi-
mately 60% of the cells remained unaligned, and further, due
to the requirement of a low flow rate, there was a reduction
in system throughput.

[0016] It will be appreciated that the rejection of unaligned
cells again reduces the processing rate of this system and
unnecessarily wastes sperm cells.

[0017] One system which moved towards radial light
collection was the Ellipsoidal Collector described by Sko-
gen-Hagenson et al (see A High Efficiency Flow Cytometer,
CYTOCHEMISTRY 25:784-789[1977]), who developed a
light collection system based on a hollow “egg shaped”
brass reflector. The reflector surface was elliptical in cross-
section and light from the inspection point at one focus was
collected at the second focus. This system was demonstrated
to have an ability to reduce the orientation dependence
observed with bull sperm.

[0018] However, it still had orientation dependent illumi-
nation, (i.e. Light source coming from a single direction). A
further problem with this system is that it is unable to
provide a particle sort function (i.e. according to sperm sex).

[0019] A further system which implemented both sym-
metric illumination and symmetric light collection was the
Epi-Illlumination system described by Garner et al (see
Quantification of the X and Y Chromosome Bearing Sper-
matozoa of Domestic Animals by Flow Cytometry, BIOL-
OGY OF REPRODUCTION 28:312-321[1983]).

[0020] In this system the sample stream traveled directly
towards a high numerical index microscope objective lens
and was diverted sideways after the stream had passed
through the focal point of the lens. lllumination was deliv-
ered through the lens and light was collected back through
the lens.

[0021] While this system also demonstrated a good ability
to eliminate the orientation dependencies of bull sperm, it
was also incapable of modification for high speed sorting.
This was due to its sideways diversion of the sperm imme-
diately after passing through the focal point.
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[0022] Earlier systems have also relied on laser light,
because of the intensity of laser light sources. Unfortunately,
such laser systems can be quite expensive and only add to
the cost of devices such as flow cytometers. Because lasers
typically deliver a single wavelength of light, use of lasers
also has made it difficult to utilize a single light source to
provide a variety of wavelengths of light, e.g. in conjunction
with filters that filter out all but the desired wavelengths.

[0023] Furthermore, previous systems have often required
the precise alignment of optics in order to accomplish a
proper delivery of electromagnetic radiation onto the cell
under analyzation or collection of fluorescence emitted by a
cell. This can be a tedious process that adds to the expense
of the analyzation instruments. Hence, there is a need for a
system, e.g., in flow cytometry, in which the optics that
focus and collect electromagnetic radiation for measurement
purposes are quickly and easily established in their proper
orientation.

[0024] Tt is an object of the present invention to overcome
the afore mentioned shortcomings of known optical appa-
ratus with particular application to flow cytometers. It is also
an object of the invention to provide the public with a useful
choice.

SUMMARY OF THE INVENTION

[0025] In accordance with a first aspect of the present
invention there is provided an optical apparatus including: a
prism having a conical portion with an apex at a forward end
of the prism and a central axis extending through the apex
of the prism; an optical arrangement including a source of
electromagnetic radiation, the optical arrangement adapted
to direct an incident beam of electromagnetic radiation onto
the apex of the conical portion in a direction substantially
aligned with the central axis of the conical portion; and a
reflective surface provided behind the apex of the prism;
such that the beam refracted by the prism will be reflected
by the reflective surface back through the prism to project
from the forward end of the prism as an annular beam of
electromagnetic radiation.

[0026] The optical apparatus described above thereby
serves to produce an annular beam of electromagnetic
radiation from a single beam of electromagnetic radiation
incident onto the apex of the conical portion. Preferably, the
arrangement is such to provide the beam with a constant
cross section to produce a cylindrical tube of light. The
prism may also include a cylindrical base portion at a rear
end thereofwhich has a circular cross section corresponding
to the cross section of the base of the conical portion.

[0027] In accordance with a second aspect of the present
invention there is provided an optical apparatus including: a
prism having a pyramidal portion with an even number of
inclined faces meeting at an apex at a forward end of the
prism and a central axis extending through the apex an
optical arrangement including a source of electromagnetic
radiation, the optical arrangement adapted to direct an
incident beam of electromagnetic radiation onto the apex of
the pyramidal portion in a direction substantially aligned
with the central axis of the pyramidal portion; and a reflec-
tive surface provided behind the apex of the prism; such that
the beam refracted by the prism will be reflected by the
reflective surface back through the prism to project from the
forward end of the prism as a number of parallel beams.
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[0028] Tt is required that the pyramidal portion have an
even number of inclined faces since the optical geometry is
such that the beams cross the prism to reflect from the
opposing face. Apart from this constraint, the number of the
inclined faces is not limited. For example, there may be 4,
6, 8 . .. 12 inclined triangular faces converging towards the
apex of the pyramidal portion. Preferably, the pyramidal
portion also includes a base portion with a cross section
corresponding to the base of the pyramidal portion. For
example, where the pyramid has four inclined faces an
appropriate base portion would be a rectangular prism or a
cube.

[0029] 1In either of the first two aspects of the invention,
the reflective surface may be provided at the rear end of the
prism. However, the invention is not limited to this arrange-
ment and may potentially be disposed within the prism itself.
Another preferred arrangement is for the reflective surface to
be spaced from the base portion. Another desirable feature
is that this spacing be adjustable to provide a variable
annular beam diameter.

[0030] However, where the reflective surface is spaced
from the prism the electromagnetic radiation may suffer
losses from multiple interface reflection. However, as such
a design would have a reduced length from the front to the
rear end, the transmission losses would be less than for a
longer prism with the reflective surface provided at the rear
end.

[0031] Suitably the prisms are manufactured from optical
glass such as BK7 optical glass. However, where the appli-
cation is intended for use with UV electromagnetic radia-
tion, it is preferred to manufacture the prism from UV-
suitable material such as fused silica. In such an application,
it is also desirable that the reflective surface be comprised of
a UV-grade mirror to increase the transmission efficiency of
the optical apparatus.

[0032] As mentioned above, the optical apparatus may be
used with ultra-violet radiation, preferably produced from a
laser source. The electromagnetic radiation may also include
other wavelengths including those in the visible spectrum.
Suitably, the incident electromagnetic radiation is in the
form of a collimated beam.

[0033] The optical apparatus described above in connec-
tion with the first two aspects may desirably be used in
combination with a paraboloid reflector having an internal
paraboloidal-shaped reflective surface and an optical axis.
Such a reflector will be oriented to receive, on its reflective
surface, the electromagnetic radiation projected from the
forward end of the prism. It will be appreciated that such a
paraboloidal-shaped reflective surface will have a focus at
which all light parallel to the optical axis and incident onto
the reflective surface will be directed. In other words, the
parallel electromagnetic radiation projected from the prism
will be received onto the paraboloid reflector to converge at
the focus. Such a concentration of electromagnetic radiation
may have many useful and varied applications in the field of
optics. In particular, the invention is capable of providing
radially symmetric illumination to the focus of the parabo-
loid reflector. The term “radially symmetric” means that for
every beam of incident radiation to the focus, a substantially
diametrically opposite beam will be incident to the focus.
Each beam of the radially symmetric illumination may have
the same angle to the optical axis of the paraboloid reflector.
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Thus a convergent disc of electromagnetic radiation onto the
focus will be included in the definition of “radially sym-
metric”. Such a convergent disc can be achieved through the
use of the first-described optical apparatus in combination
with the paraboloid reflector. Any object can be placed at the
focus of the paraboloid reflector for illumination and inspec-
tion. As will be discussed with following aspects of the
invention, the apparatus has particular application to flow
cytometry in that a flow source may be provided to direct
particles through the focus of the paraboloid reflector.

[0034] 1t will be understood that the source of electromag-
netic radiation may not be directed directly at the apex of the
prism and the invention allows for the use of mirrors and
other reflectors as desired. In particular, a second reflector
may be disposed between the prism and the paraboloid
reflector, the second reflector having reflective portions to
reflect the incident beam from the source onto the apex of
the prism and transmitting portions to transmit the beam(s)
projected from the forward end of the prism.

[0035] However, the invention is not limited to the par-
ticular prisms described in the forgoing aspects of the
invention. Other optical configurations are envisaged to
produce the projected annular beam or parallel beams of
electromagnetic radiation. Furthermore, other types of
reflectors which focus incident radiation towards one or
more foci could be adopted.

[0036] Accordingly, a third aspect of the invention pro-
vides an optical apparatus including an optical configuration
adapted to produce an annular beam of electromagnetic
radiation having a central axis or plurality of beams of
electromagnetic radiation wherein said plurality of beams
are evenly spaced from a central axis; and a focusing
reflector having an internal reflective surface having an
optical axis and one or more foci, the reflector being oriented
to receive, onto its reflective surface, the annular beam or the
plurality of beams of electromagnetic radiation.

[0037] For example, the optical element may comprise
any known reflective axicons as well as the particular prisms
described above which, in some cases are also axicons. For
example, the axicon may comprise an inner conical mirror
with forward reflective surfaces surrounded by an outer
conical mirror with forward reflective surfaces wherein the
optical axes of the two mirrors are aligned. The reflective
surfaces form the letter “W”, hence the name w-axicon or
waxicon.

[0038] Preferably, the focusing reflector has an internal
reflective surface which is paraboloid in shape. The use of
the term “paraboloid reflector” used throughout the speci-
fication and the claims will be understood to mean “a
reflector conforming to the shape of a paraboloid of revo-
Iution”. The term is also to be understood to mean “a portion
of'a full paraboloid of revolution™. Similarly, in regard to the
optical axis of a paraboloid, such an axis may also be
considered to be the parabolic or central axis of the parabo-
loid.

[0039] As mentioned in connection with the foregoing
aspect of the invention, the apparatus may be incorporated
into a flow cytometer including a flow source to produce a
flow of particles to be analyzed in which the flow source is
adapted to direct the flow of particles substantially through
one of the foci of the reflective surface. Suitably the flow
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source can be adapted to substantially align the flow with the
optical axis of the reflective surface. Moreover, an aperture
may be provided in the focusing reflector for passage of the
flow therebeyond.

[0040] Tt is desirable that the present invention will be
used in a flow cytometer accommodating a sorting function.
Thus, the flow means may include a nozzle and the flow
cytometer may incorporate electrostatic droplet deflection
sorting apparatus below the aperture in the focusing reflec-
tor.

[0041] In accordance with a fourth aspect of the present
invention there is provided an optical method including:
providing a prism having a conical portion with an apex at
the forward end, a central axis extending through the apex
and a reflective surface provided behind the apex of the
prism; directing an incident beam of electromagnetic radia-
tion onto the apex of the conical portion in a direction
substantially aligned with the central axis of the conical
portion to produce an annular beam of electromagnetic
radiation projecting from the forward end of the prism.

[0042] In accordance with a fifth aspect of the present
invention there is provided an optical method including:
providing a prism having a pyramidal portion with an even
number of inclined faces meeting at an apex at a forward end
of the prism, a central axis extending through the apex and
a reflective surface provided behind the apex of the prism;
directing an incident beam of electromagnetic radiation onto
the apex of the pyramidal portion in a direction substantially
aligned with the central axis of the pyramidal portion to
produce parallel beams of electromagnetic radiation project-
ing from the forward end of the prism.

[0043] 1In accordance with another aspect of the present
invention there is provided an analyzation instrument
including: a flow source to produce a flow of particles to be
analyzed, the flow source being adapted to direct the flow of
particles through an inspection zone; an optical arrangement
including a source of electromagnetic radiation, the optical
arrangement adapted to converge substantially coplanar,
substantially radially symmetric electromagnetic radiation
towards the inspection zone.

[0044] Preferably, the electromagnetic radiation coverges
in the form of a disc disposed symmetrically relative to the
central axis.

[0045] In accordance with yet another aspect of the
present invention there is provided a method of analyzing
including: providing a flow of particles to be analyzed;
directing the flow of particles to be analyzed through an
inspection zone; converging substantially coplanar, substan-
tially radially symmetric electromagnetic radiation towards
the inspection zone.

[0046] In accordance with a further aspect of the present
invention there is provided an analyzation instrument
including: a flow source to produce a flow of particles to be
analyzed; a source of electromagnetic radiation; a reflector
adapted to reflect at least a portion of the electromagnetic
radiation at the flow of particles to illuminate the flow of
particles; an optical configuration including a sensor adapted
to sense electromagnetic radiation; wherein the reflector is
also adapted to reflect, to the optical configuration, any
electromagnetic radiation produced as a result of the illu-
mination of the flow of particles.
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[0047] Thus the reflector described in accordance with this
aspect serves the dual purpose of reflecting the electromag-
netic radiation onto the flow of particles as well as collecting
the electromagnetic radiation for transmission to the sensor.
Such a configuration can be achieved with the use of a
reflector having an internal reflective surface which is
paraboloid in shape.

[0048] 1t will be understood that any use of the term
“illumination” or “illuminate” is not restricted to merely
visible illumination as non-visible wavelengths may also be
used. As mentioned previously, in certain applications ultra
violet radiation may be used. Furthermore, reference to
electromagnetic radiation “produced” by the particle may
include any florescence produced by the particles as a result
of the incident illumination and/or any light scattered by the
particles. It should also be understood that “irradiate” is
intended to have the same meaning as “illuminate”.

[0049] In accordance with a still further aspect of the
present invention there is provided a method of analyzing
including providing: a flow of particles to be analyzed;
providing a source of electromagnetic radiation; reflecting
with a reflector at least a portion of the electromagnetic
radiation to illuminate the flow of particles; reflecting with
the reflector at least a portion of any electromagnetic radia-
tion produced from the illumination of the flow of particles;
sensing a portion of the electromagnetic radiation produced
from the illumination of the flow of particles.

[0050] In accordance with still a further aspect of the
present invention there is provided a flow cytometer includ-
ing: a flow source to produce a linear flow of particles to be
analyzed, the flow source being adapted to direct the flow of
particles through an inspection zone; an optical arrangement
adapted to converge electromagnetic radiation onto the flow
at the inspection zone in a radially symmetric manner about
the inspection zone; a collector to collect electromagnetic
radiation either produced or deflected from the particles in
the flow; a processor to derive, from the collected electro-
magnetic radiation, predetermined information relating to
each of at least some of the particles in the flow; and a
correlator to correlate the derived information with the
associated particle downstream of the inspection zone.

[0051] As mentioned previously, the radially symmetric
illumination may be provided in the form of a continuous
disc convergent towards the inspection zone. Another pre-
ferred radially symmetric arrangement of the illumination is
in the form of discreet beams converging towards the
inspection zone. Either way, the particle is illuminated
evenly from all sides.

[0052] In accordance with a further aspect of the present
invention there is provided a flow cytometer including: a
flow source to produce a linear flow of particles to be
analyzed, the flow source being adapted to direct the flow of
particles through an inspection zone; and an optical arrange-
ment including a focusing reflector having an internal reflec-
tive surface with one or more foci, the optical arrangement
adapted to converge electromagnetic radiation onto the flow
of particles at the inspection zone by reflection from the
focusing reflector, the focusing reflector being oriented such
that one of the one or more foci is substantially coincident
with or located within the inspection zone.

[0053] Various embodiments of the focusing reflector
have been envisaged. In one such embodiment the focusing
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reflector comprises a paraboloid reflector having an internal
reflective surface of paraboloidal-shape. The flow of par-
ticles will thus flow through the focus of the paraboloid
reflector at which the electromagnetic radiation is con-
verged. In another embodiment of the invention the focusing
reflector may have an ellipsoidal reflective surface with two
foci and an optical axis extending between the two foci. In
particularly preferred versions of this, the flow source is
oriented so that the flow of particles is aligned with the
optical axis of the reflective surface. Moreover, any forms of
the focusing reflector may be provided with an aperture for
the passage of flow beyond the focusing reflector. Such an
embodiment is particularly adapted for use in a sorting flow
cytometer which collects the electromagnetic radiation pro-
duced from the particles in the flow, processes the collected
electromagnetic radiation to derive predetermined informa-
tion relating to each of at least some of the particles in the
flow and correlates the derived information with the asso-
ciated particle downstream of the inspection zone. In this
way, the sorting flow cytometer can not only analyze the
particles in the flow but sort the particles according to
predetermined sets of selection criteria. A preferred type of
sorting flow cytometer is a jet-in-air flow cytometer.

[0054] In another aspect of the present invention there is
provided a flow cytometer including: a flow source to
produce a flow of particles to be analyzed, the flow source
being adapted to direct the flow of particles through an
inspection zone; an optical arrangement including a source
of electromagnetic radiation, the optical arrangement
adapted to direct electromagnetic radiation onto the flow of
particles, at the inspection zone; a collector to collect
electromagnetic radiation either produced or deflected from
the particles, the collector having an internal reflective
surface with an optical axis and one or more foci, wherein
the collector is oriented such that the flow of particles is
substantially aligned with the optical axis.

[0055] In yet another aspect of the present invention there
is provided a flow cytometer including: a flow source to
produce a flow of particles to be analyzed, the flow source
being adapted to direct the flow of particles through an
inspection zone; an optical arrangement including a source
of electromagnetic radiation, the optical arrangement
adapted to direct electromagnetic radiation onto the flow of
particles, at the inspection zone; a collector to collect
electromagnetic radiation either produced or deflected from
the particles, the collector having an internal reflective
surface with an optical axis and one or more foci, wherein
the collector is disposed such that one of the one or more foci
is substantially coincident or located within the inspection
zone; a processor to derive, from the collected electromag-
netic radiation, predetermined information relating to each
of at least some of the particles in the flow; and a correlator
to correlate the derived information with the associated
particle downstream of the inspection zone.

[0056] The collector may be of the same form as the
focusing reflector as described in accordance with previous
aspects of the invention. In fact, the collector may also
comprise part of the optical arrangement adapted to direct
electromagnetic radiation onto the flow of particles. In other
words the collector may serve the dual function of collecting
the produced electromagnetic radiation as well as reflecting
the incident radiation onto the particles.
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[0057] In accordance with another aspect of the present
invention there is provided an analyzation instrument
including: a first reflector having a partial ellipsoidal shape;
a near focal point of the partial ellipsoidal shape of the first
reflector; a distant focal point of the partial ellipsoidal shape
of the first reflector; a central axis of the partial ellipsoidal
shape defined by the near focal point and distant focal point
of the partial ellipsoidal shape of the first reflector; a source
of electromagnetic radiation disposed at the near focal point
of the partial ellipsoidal shape capable of emitting electro-
magnetic radiation toward the first reflector; a second reflec-
tor having a partial ellipsoidal shape oriented relative to the
first reflector so as to be capable of receiving electromag-
netic radiation reflected by the first reflector; a near focal
point of the partial ellipsoidal shape of the second reflector;
a distant focal point of the partial ellipsoidal shape of the
second reflector; a central axis of the partial ellipsoidal
shape defined by the near focal point and distant focal point
of the partial ellipsoidal shape of the second reflector; a flow
source to produce a flow of particles to be analyzed; and an
inspection zone of the flow of particles located at the near
focal point of the partial ellipsoidal shape of the second
reflector.

[0058] In a preferred embodiment, the source of electro-
magnetic radiation may comprise an arc lamp. Further, a
preferred relationship between the first reflector and the
second reflector is that the distant focal point of the first
reflector and the distant focal point of the second reflector
overlap. The focal lengths of the first and second reflectors
may be equivalent. Alternatively, the focal lengths of the two
reflectors may be different in that the first reflector has a
greater focal length than the second reflector.

[0059] The term “ellipsoidal reflector” as used in the
above described aspect of the invention and in following
aspects and in the following description of the invention, is
understood to mean a reflector which conforms to the shape
of an ellipsoid of revolution. Furthermore, the term is
understood to mean a portion of a full ellipsoid of revolution
such as one third of an ellipsoid of revolution with an
opening at the vertex.

[0060] In referring to ellipsoids throughout this descrip-
tion where only a partial ellipsoid is used, the near focal
point is intended to mean the focal point closest to the
ellipsoidal portion being used.

[0061] In accordance with yet another aspect of the
present invention there is provided a method of analyzing
including: utilizing a first reflector having a partial ellipsoi-
dal surface with a near focal point and a distant focal point;
emitting electromagnetic radiation from a source of electro-
magnetic radiation positioned at the near focal point of the
first reflector; reflecting electromagnetic radiation emitted
by the source of electromagnetic radiation from the first
reflector; utilizing a second reflector having a partial ellip-
soidal surface with a near focal point and a distant focal
point; providing a flow of particles to be analyzed; directing
the flow of particles through an inspection zone; positioning
the second reflector so that the near focal point of the second
reflector overlaps the inspection zone and so that the second
reflector is capable of receiving electromagnetic radiation
reflected by the first reflector.

[0062] In accordance with another object of the present
invention there is provided an analyzation instrument
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including: a first reflector having a partial paraboloid shape;
a focal point, and a focal length of the partial paraboloid
shape of the first reflector; a parabolic axis of the partial
paraboloid shape of the first reflector; a source of electro-
magnetic radiation disposed at the focal point of the partial
paraboloid shape adapted to emit electromagnetic radiation
toward the first reflector; a second reflector having a partial
paraboloid shape oriented relative to the first reflector so as
to be capable of receiving electromagnetic radiation
reflected by the first reflector; a focal point, and a focal
length of the partial paraboloid shape of the second reflector;
a parabolic axis of the partial paraboloid shape of the second
reflector; a flow source to produce a flow of particles to be
analyzed; and an inspection zone of the flow of particles
located at the focal point of the partial paraboloid shape of
the second reflector. An arc lamp may be the source of
electromagnetic radiation. It is preferred that the parabolic
axes, i.e., optical axes, of the first and second shapes-shapes
are colinear. In one embodiment of the invention the focal
lengths of the first and second reflectors may be equivalent.
Alternatively the focal length of the first reflector may be
greater than the focal length of the second reflector. A filter
may be arranged between the focal points of the two
reflectors.

[0063] In another aspect of the present invention there is
provided a method of analyzing including: utilizing a first
reflector having a partial paraboloid surface, an optical axis
and a focal point; emitting electromagnetic radiation from a
source of electromagnetic radiation positioned at the focal
point of the first reflector; reflecting electromagnetic radia-
tion emitted by the source of electromagnetic radiation from
the first reflector; utilizing a second reflector having a partial
paraboloid surface, an optical axis and a focal point; pro-
viding a flow of particles to be analyzed; directing the flow
of particles through an inspection zone; positioning the
second reflector so that the focal point of the second reflector
overlaps the inspection zone and so that the second reflector
is capable of receiving electromagnetic radiation reflected
by the first reflector.

[0064] The present invention also provides, in accordance
with another aspect of the invention, a nozzle including an
opening for a flow of particles to flow through; a reflector
coupled to the nozzle and oriented to reflect electromagnetic
radiation at the flow of particles.

[0065] The reflector may take on various forms such as an
ellipsoidal reflective surface or a paraboloid reflective sur-
face, the reflector and the nozzle may even be integral. In a
preferred embodiment of the invention, the flow of particles
passes through an inspection zone and a source of electro-
magnetic radiation is provided to illuminate the inspection
zone. Where the reflective surface is of the kind having a
focal point, then it is preferred that the focal point of the
reflective surface overlaps the inspection zone.

[0066] In preferred forms of the invention, the reflective
surface may comprise a metal shape embedded in the nozzle.
Alternatively, the reflective surface may comprise a reflec-
tive coating applied to the nozzle. Suitably, the focal point
of the reflective surface can be external to the nozzle. The
nozzle may be adapted to receive electromagnetic radiation
through the opening in the nozzle to illuminate the reflector
or through the nozzle material itself, e.g. via light transmis-
sion through a glass nozzle.

Dec. 13, 2007

[0067] Inaccordance with a further aspect of the invention
there is provided a method of illuminating a flow of par-
ticles, the method including: providing a nozzle having a
reflector coupled to the nozzle and oriented to reflect elec-
tromagnetic radiation; supplying a flow of particles; direct-
ing the flow of particles through the nozzle; reflecting
electromagnetic radiation with the reflector toward the flow
of particles.

[0068] Another aspect of the invention provides a flow
cytometer including: a flow source to produce a flow of
particles to be analyzed, the flow source being adapted to
direct the flow of particles through an inspection zone; an
optical arrangement including a source of electromagnetic
radiation, the optical arrangement adapted to direct electro-
magnetic radiation onto the flow of particles, at the inspec-
tion zone; a partial ellipsoidal collector to collect electro-
magnetic radiation either produced or deflected from the
particles, the collector having an internal reflective surface
of partial ellipsoidal shape with two foci and an optical axis
oriented along a line between the two foci; the flow source
being oriented such that the flow of particles is substantially
aligned with the optical axis.

[0069] The preferred form of the flow cytometer may be a
jet-in-air flow cytometer. Most preferably, the flow cytom-
eter enables sorting through the use of electrostatic plates.

[0070] A corresponding aspect of the invention provides a
method of flow cytometry including passing a flow of
particles to be analyzed through an inspection zone; provid-
ing a focusing reflector having one or more foci; converging
electromagnetic radiation onto the flow of particles at the
inspection zone by reflection from the focusing reflector and
aligning the inspection zone with one of the one or more
foci.

BRIEF DESCRIPTION OF DRAWINGS

[0071] Further aspects of the present invention will
become apparent from the following description which is
given by way of example only and with reference to the
accompanying drawings in which.

[0072] FIG. 1(a) is a cross-sectional view of one embodi-
ment of an optical apparatus capable of producing an
annular beam of electromagnetic radiation;

[0073] FIG. 1(d) is a section through the beam of FIG. 1;

[0074] FIG. 1(d) is a perspective view of one embodiment
of a prism for use in the optical apparatus of FIG. 1 (a);

[0075] FIG. 1(e) is a perspective view of an alternative
form of a prism for use in the optical apparatus of FIG. 1 (a);

[0076] FIG. 1(f) is a perspective view of an alternative
prism arrangement for use in the optical apparatus of FIG.

1 (a);
[0077] FIG. 1(g) is a perspective view of an alternative
prism arrangement for use in the optical apparatus of FIG.

1 (a);
[0078] FIG. 2 is sectional view of a paraboloid reflector;

[0079] FIG. 3 shows various views though a reflector
which includes transmitting and reflecting surfaces;

[0080] FIG. 4 is a cross-sectional view of a possible
embodiment for a reflector apparatus;
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[0081] FIG. 5 is a cross-sectional view of a possible
embodiment for a detector apparatus;

[0082] FIG. 6 is a cross-sectional view of one preferred
embodiment of a flow cytometer in accordance with an
aspect of the present invention;

[0083] FIG. 7 is a cross-sectional view of a second
embodiment of a flow cytometer in accordance with an
aspect of the present invention;

[0084] FIG. 8 is a cross-sectional view of a third embodi-
ment of a flow cytometer in accordance with an aspect of the
present invention;

[0085] FIG.9 is a cross-sectional view of a fourth embodi-
ment of a flow cytometer in accordance with an aspect of the
present invention;

[0086] FIG. 10 is a cross-sectional view of a fifth embodi-
ment of a flow cytometer in accordance with an aspect of the
present invention;

[0087] FIG. 11 is a cross-sectional view of a sixth embodi-
ment of a flow cytometer in accordance with an aspect of the
present invention;

[0088] FIG. 12 is a cross-sectional view of a reflector
incorporated into a flow nozzle design according to an
aspect of the present invention;

[0089] FIG. 13 is a cross-sectional view of a seventh
embodiment of a flow cytometer in accordance with an
aspect of the present invention;

[0090] FIG. 14 is a cross-sectional view of an eighth
embodiment of a flow cytometer in accordance with an
aspect of the present invention; and

[0091] FIG. 15 is a cross-sectional view of a ninth embodi-
ment of a flow cytometer in accordance with an aspect of the
present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0092] As mentioned earlier, the present invention
includes a variety of aspects, which may be combined in
different ways. The following descriptions are provided to
list elements and describe some of the embodiments of the
present invention. These elements are listed with initial
embodiments, however it should be understood that they
may be combined in any manner and in any number to create
additional embodiments. The variously described examples
and preferred embodiments should not be construed to limit
the present invention to only the explicitly described sys-
tems, techniques, and applications. Further, this description
should be understood to support and encompass descriptions
and claims of all the various embodiments, systems, tech-
niques, methods, devices, and applications with any number
of the disclosed elements, with each element alone, and also
with any and all various permutations and combinations of
all elements in this or any subsequent application.

[0093] Some embodiments of the invention are discussed
in “A New Optical Configuration for Flow Cytometric
Sorting of Aspherical Cells”, Int. Soc. Optical Engr., Proc.
Of Adv. Tech. Analytical Cytology, 1997, by John C. Sharpe,
Peter N. Schaare and Rainer Kunnemeyer; “Radially Sym-
metric Excitation and Collection Optics for Flow Cytometric
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Sorting of Aspherical Cells”, Cytometry 29:363-370 (1997)
by John C. Sharpe, Peter N. Schaare, and Rainer Kunnem-
eyer; and “A New Optical Configuration for Flow Cytomet-
ric Sorting of Bovine Spermatozoa by Sex”, a thesis sub-
mitted to the University of Waikato for the degree of Doctor
of Philosophy in Physics by Johnathan Charles Sharpe,
which are hereby incorporated by reference.

[0094] FIG. 1(a) illustrates an optical apparatus including
a prism 1. The prism 1 has an apex 2 at a forward end of the
prism, a right conical portion having a conical face 2, and a
right cylindrical base portion contiguous with the conical
portion. The base portion has a circular shaped rear end 4
with a reflective coating. An optical arrangement is provided
to provide incoming electromagnetic radiation 5 such as
ultra-violet light from a laser light source. The UV light 5 is
directed in direction aligned with the central axis of the
prism 1 onto the apex 2 of the prism 1 via a second reflector
in the form of mirror 6 positioned at an angle of 45 degrees
with respect to the incoming light 5 and the central axis of
the prism 1. As the incoming light 5 enters the prism 1 via
the apex 2 it is refracted by the prism 1 and diverges in a
cone and is reflected off the rear end 4 of the lens 1. The
reflected light exits the prism 1 through its conical face 3 and
is projected from the forward end of the prism as an annular
beam. The beam defines an enclosed cylindrical band of
light having a longitudinal axis coincident with the central
axis of the prism 1. FIG. 1(b) shows a cross section through
the enclosed band of light. The production of a cylindrical
band of light may have many uses throughout the field of
optics. FIG. 1(e) illustrates the prism 1 in perspective view.

[0095] FIG. 1 (d) illustrates an alternative form of prism
22. The prism 22 has a right pyramidal portion with four
inclined faces meeting at an apex. A base portion is also
provided which is square in cross-section, corresponding to
the cross-section of the base of the pyramidal portion. The
prism can be used in the same manner as prism 1 by
directing incident light onto the apex of the prism in line
with the central axis of the prism. However, in this embodi-
ment, the projected light will emerge as four parallel beams
equally spaced from the central axis. The number of inclined
faces of the pyramidal portion may vary, provided that an
even number is maintained.

[0096] FIG. 1 (f) illustrates an alternative prism arrange-
ment in which a reflective surface may be spaced from the
rear end of the conical prism shown in FIG. 1 (e) or the
pyramidal prism shown in FIG. 1 (d). The spacing of the
reflective surface 27 from the prism may be adjustable.

[0097] FIG. 1(g) illustrates an alternative prism arrange-
ment known as a w-axicon or waxicon. The waxicon 28
comprises an inner conical axicon surrounded by an annular
axicon concentric with the inner axicon. The reflective
surfaces define a W, hence the name waxicon.

[0098] FIG. 2 shows a paraboloid reflector 20 in the form
of a mirror having a paraboloidal-shaped internal reflective
surface. The paraboloid internal reflective surface has a
focus and an optical axis running through the focus. It will
be understood that the paraboloid shaped reflective surface
can have the property whereby any light which leaves the
focus of the paraboloid reflector and becomes incident on
the surface of the reflector will be reflected out of the
reflector 20 parallel to the optical axis. Likewise, when light
which is reflected parallel to the optical axis enters and hits
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the reflective surface, it will be projected toward and through
the focus. An aperture 21 is centrally positioned within the
paraboloid reflector 20, in line with the optical axis.

[0099] Thus, the paraboloid reflector 20 may be used to
provide multi-directional illumination of an object for analy-
sis or inspection. By positioning the object at the focus of the
paraboloid reflector 20 and providing light incident on the
surface of the reflector 20 and parallel to the optical axis of
the reflector 20, the incident light can be reflected towards
the object at the focus. Further, if the incoming parallel light
is evenly spaced in relation to the optical axis then the light
illuminating the object at the focus will be radially symmet-
ric. The paraboloid reflector 20 may thus be teamed with the
optical apparatus shown in FIG. 1 in a manner in which the
paraboloid reflector 20 is oriented to receive the light
projected from the forward end of the prism 1 with the
central axis of the prism 1 aligned with the optical axis of the
paraboloid reflector 20. This particular arrangement is dis-
cussed further in connection with the flow cytometer shown
in FIGS. 6, 7,9, 10, 11, 13. However the paraboloid reflector
is not limited in its use in combination with the optical
apparatus shown in FIG. 1.

[0100] FIG. 3(a) (i) and (ii) are plan views of another
embodiment of the second reflector of FIG. 1 generally
indicated by arrow 30. The mirror 30 includes reflective
surfaces 31 and 32. The mirror 30 also includes a transmit-
ting portion which is in the form of an annular ring 33. It
should be appreciated that in some embodiments the trans-
mitting portion 33 may be in the form of an aperture which
extends through the mirror 30. However, in other embodi-
ments such as that shown more clearly in FIG. 3(4), the
transmitting portion 33 may be in the form of a transparent
material, such as glass 34 which has not been covered by a
reflective surface 35. As FIG. 3(b) shows, any incoming
light 36 that impacts on the reflective surface 35 is reflected,
whereas incoming light which impacts on the transmitting
portion 33 may continue to travel substantially in the same
direction The transmitting portion 33 when arranged at a 45
degree angle from which it is viewed in plan in FIG. 3 (a)
(1) serves to allow passage of the annular beam of light
projected from the forward end of the prism. FIG. 3(a) (ii)
shows a plan view of the second reflector having an egg-
shaped transmitting portion 33 necessary to achieve the
annular transmitting portion 33 when oriented at 45 degrees.

[0101] FIG. 4 shows an alternative reflector apparatus
generally indicated by arrow 40 which may be used to
collect illumination reflected from the paraboloid reflector
20 in FIG. 2. The reflector apparatus 40 includes a body 46
having a number of reflective surfaces 41, 42 and 43 which
are positioned with respect to the detector apparatus 40 so
that they may reflect any light they receive in different
directions and/or at different angles.

[0102] The reflector apparatus 40 also includes within its
body 46 regions 44 and 45 (both of which are bounded by
dotted lines) which allow for the transmission of light 47
through the reflector apparatus 40. It should be appreciated
that the regions 44 and 45 may be in the form of apertures
through the body 46 or alternatively made of a transparent
substance/material capable of allowing for the transmission
of light. In embodiments where regions 44 and 45 are made
of a transparent substance/material it will usually be desir-
able that the regions have the same length as shown by
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double headed arrow x to ensure distance traveled and
refraction of the light 47 is substantially identical in both
regions.

[0103] The reflective surfaces 41, 42, and 43 are capable
of discriminating against the different types of light A, B and
C that may be received by the reflector apparatus 40, by
reflecting it in different directions and/or at different angles.
Thus, the different types of light A, B and C may be reflected
to suitable light detectors (not shown) for determination of
the characteristics of each type of light.

[0104] FIG. 5 illustrates a detector apparatus generally
indicated by arrow 50 which may also be used to collect
illumination from the paraboloid reflector shown in FIG. 2.
In this embodiment the detector apparatus 50 may also
provide for the transmission of light 51 from a light source
(not shown) in a similar manner to the reflector apparatus
described above in connection with FIGS. 3 and 4. The
detector apparatus 50 may also have a number of light
detectors 52, 53 and 54 spatially positioned so that they may
receive the different types of light A, B and C incident on the
reflector apparatus 50. Thus, the spatial orientation of the
light detectors 52, 53 and 54 on the detector apparatus 50
allows for the discrimination between different types of
light. On the other hand, where measurement of certain light
is not desired, eg. light merely reflected from the light
source, such light can be allowed to travel through the
transmitting portion(s) 51 of the detector apparatus.

[0105] FIG. 6 illustrates a first preferred embodiment of a
flow cytometer generally indicated by arrow 70. The flow
cytometer 70 includes the optical apparatus substantially as
shown in FIG. 1. The optical apparatus includes an optical
arrangement including a light source 71 and a mirror 72. The
light source 71 produces collimated ultra-violet laser light
73 which is directed via mirror 72 to a prism 74 having a
central axis. The prism 74 is configured to produce a
cylinder of light 75 having a longitudinal axis coincident
with the central axis of the prism. The prism may be the
same as that indicated in FIG. 1 (a) or (e) of the drawings.
Alternatively, the prism may have a pyramidal face such as
that shown in FIG. 1 (d) to produce parallel beams of light
evenly spaced from the central axis of the prism. The
projected light 75 passes through an annular gap 76 in a
second reflector 77 so as to be incident on the 45 degree
point of a paraboloid reflector/collector 78. It will be seen in
the following discussion that the reflector also services as a
collector. For ease of reference the paraboloid reflector/
collector 78 will be simply referred to as the paraboloid
reflector 78. The paraboloid reflector 78 has an optical axis
aligned with the central axis of the prism and a focus F lying
on the optical axis.

[0106] Situated within the paraboloid reflector 78 is a
nozzle assembly 79 which delivers a particle stream 80 e.g.
sperm cells, which is substantially aligned with the optical
axis of the paraboloid reflector and passes through an
inspection zone located at the focus F. The nozzle assembly
79 delivers the sperm cells in a saline sheath solution and
may utilize any of the known jet-in-air techniques to pro-
duce a laminar-flow particle stream with the sperm flowing
single file through the inspection zone at F.

[0107] The paraboloid reflector 78 is designed with two
criteria in mind. Firstly, the reflector should be able to
withstand the corrosive environment introduced by the
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saline sheath environment. Secondly, the reflector should be
designed to maximize reflectance of light of the UV fre-
quency. Either of a rhodium reflective coating or an AlSiO,
reflective coating on a nickel substrate were found to be
effective.

[0108] The effect of the cylinder of light 75 being incident
at the 45 degree point of the paraboloid mirror 78 is that it
is reflected at 90 degrees so as to form a substantially
coplanar disc of light which is convergent on the focal point
F of the paraboloid reflector. Thus, this disc of light is able
to interact with the particle stream 80 and illuminate the
particles within the stream with substantially radially sym-
metric illumination.

[0109] 1If the particles have been stained with light-sensi-
tive stain, the particles will fluoresce when illuminated. The
use of stains is an accepted technique in sperm sexing since
the number of molecules of stain bound will be equivalent
to the number of molecules of DNA. This difference in
uptake will yield a difference in the number of cells available
for excitation and fluorescence. The difference in DNA
content between X and Y sperm will yield a corresponding
measurable difference in fluorescent light. Any of the known
stains currently used for sperm sexing may be used. In
particular, Hoechst 33342 which is of the bis-benzimidazole
family shown below has been shown to provide the neces-
sary X-Y differential resolution.

_— N N
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[0110] Thus, light which interacts with the particles will
be scattered and/or fluoresced. This scattered and/or fluo-
resced light is then collected by the paraboloid reflector/
collector 78 and reflected parallel to the optical axis of the
paraboloid reflector 78. The second reflector 77 is positioned
at a substantially 45 degree angle so as to reflect the
scattered and/or fluoresced light towards a light detector in
the form of a photomultiplier tube 82. The second reflector
77 as appropriate may comprise the forms illustrated in
FIGS. 3-5.

CH;

[0111] For the specific application of the present invention
in sexing sperm, the fluorescent light is of interest and the
light merely scattered from the sperm in the sample stream
may be of little or no interest. The fluorescent light will be
of a different frequency and the separation of the two
frequencies can be achieved through the use of a high pass
filter 200 positioned before the photo-multiplier tube 82.
Alternatively, the separation of frequencies may be achieved
through the use of a dichroic mirror to reflect only those
frequencies of interest. For example the dichroic mirror may
be incorporated into the second reflector 77. However, if in
certain applications it is desirable to measure scattered light,
no filter is necessary.
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[0112] It should be appreciated that instead of the single
measurement detector 82 shown, an array of measurement
detectors may be provided with an appropriate array of
filters for measuring different forms of light. For example,
the use of a second reflector in the form as that shown in
FIG. 4 allows for the separation of light from different parts
of the paraboloid reflector, it being possible to apply differ-
ent filters to each of the separate light parts.

[0113] Light which has not interacted with the particles
may be refracted by the medium which makes up the sample
stream 80 and radiate as a disc in the opposite direction to
the incoming light. As the particle stream will generally have
a small diameter the resulting refraction of light by the
medium will not be great. Thus, this light will substantially
retrace the path of the illuminating cylinder of light and exit
through the annular gap 76 in the second reflector 77. This
creates a simple yet effective beam dump.

[0114] It should be appreciated that supporting structures
of the components of the flow cytometer 70 including
sample flow tubes for the nozzle assembly may obscure
parts of the path for the cylinder of light 75. However, any
resulting asymmetry in the disc of light is generally negli-
gible and the cylinder of light is therefore still considered
cylindrical. Optics might even be provided to refract an
incident beam around obstructions.

OCH;CH;

[0115] The amount of light measured by the photo-multi-
plier tube is passed to a processor, e.g., a computer (not
shown) to derive predetermined information such as an
association between the amount of measured light and a
property of the cell from each of at least some of the particles
in the flow. This information is then correlated by a corr-
elator, such as a computer, with the corresponding particle
downstream of the inspection zone to enable sorting of the
particle depending whether it meets certain selection crite-
ria. For example, male and female sperm may be sorted by
sex.

[0116] The flow sorting technique uses electrostatics to
charge and deflect a cell containing droplet as it passes
through an electric field. The droplet is created by a
mechanical oscillation applied through a piezo-electric
transducer thus perturbing the sample stream as it exits the
nozzle 79. Each individual droplet can be charged depending
on the characteristics of its contained particle just prior to
break-off by application of a voltage to the carrier fluid.
Depending on its charge, the droplet will be deflected from
its normal gravitational trajectory by oppositely charged
plates 83. To incorporate droplet sorting it may be necessary
to provide a means by which to view the stream so as to
count the number of droplet spacings between the inspection
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point (i.e. the focal point F) and the break-off point of the
droplets. This can usually be achieved by inserting a small
periscope through the aperture 84 in the base of the parabo-
loid reflector 78. Droplets which are not electrostatically
deflected from the central path are collected directly below
and flushed to waste.

[0117] In FIG. 7 there is provided an alternative flow
cytometer generally indicated by arrow 100, this flow
cytometer being substantially similar to the flow cytometer
70 shown in FIG. 6. Therefore, for ease of reference, similar
numbering has been used to illustrate the components used
in this embodiment.

[0118] The major difference with this embodiment shown
in FIG. 7 is that only light 101 collected from the upper
regions of the paraboloid reflector are received by the
photomultipliers 102. Accordingly, the second reflector 77
need not be of the type discussed in the previous embodi-
ment. Instead, only a continuous mirror confined within the
cylindrical beam 75 need be used to reflect away the forward
scattered an r fluoresced light 103.

[0119] On the otherhand, it should also be readily appre-
ciated that where it is only desirable to consider forward
scattered and/or fluoresced light, light measurement detec-
tors may be suitable positioned so that they only receive this
light.

[0120] During experimentation, it was found that an
increase in sample to sheath differential pressure resulted in
increased positional uncertainty of the particles through the
focus, which results in a difference in illumination, and
therefore fluorescence emission. There are a number of
possible solutions which may be used either singly or in
combination to broaden the focus around the sample stream.

[0121] The radial optics deliver a convergent disk of light
at the excitation wavelength to the inspection point. Adjust-
ing the vertical dimension of the radial focus is relatively
simple if a concave or convex element is positioned in the
laser beam in front of the axicon. However, broadening the
focus laterally, while retaining sufficient light intensity at the
focus for stain excitation and fluorescence, is not trivial.

[0122] To laterally broaden or defocus the radial focus
requires that the illumination light cylinder be altered to
cause divergence tangentially around its circular cross-
section.

[0123] This would result in a lateral displacement of the
incoming light disk thereby broadening the intensity distri-
bution of the focal area. Some optical elements were pro-
posed to perform this function. The first optical element
would take the form of a radially etched diffraction grating.
Such a component would successfully achieve the goal of
lateral displacement with a minimal dispersive effect in the
vertical profile of the focus. The second optical element is a
light shaping diffuser element. Implementation of this ele-
ment into the radial optics design would result in both
vertical and lateral focus broadening. Other options include
a diffractor or a cylindrical lens causing the beam to diffract
sideways and broaden the focus.

[0124] Another approach is to use the focusing character-
istics of the laser beam which is a Caussian beam where the
depth of focus 1 is proportional to the focal length f and
inversely proportional to the beam diameter D. The variable
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L is defined as the half-height width of the flex density
profile as plotted along the optical axis. Thus, an increase in
the focal length of the paraboloid reflector will cause an
increase in d. Also, decreasing the diameter of the illumi-
nating laser beam will bring about an increase in d.

[0125] In another embodiment of the invention, parabo-
loid and ellipsoidal configurations of reflectors can be used
to provide illumination of an inspection zone of a linear flow
of particles. One distinct advantage of this type of system is
the ability to use a low cost arc lamp to replace the more
expensive lasers commonly used in instruments of this type.
Lasers are preferred in some devices because of the intensity
of light that they can deliver. However, they have the
disadvantage of only providing a specific wavelength of
electromagnetic radiation. Arc lamps, however, are less
expensive and can provide many different wavelengths of
electromagnetic radiation in their emissions. Then, the
proper wavelength can be selected by use of an inexpensive
filter which filters out the undesired wavelengths of electro-
magnetic radiation.

[0126] Referring now to FIG. 8, an ellipsoidal embodi-
ment of the invention can be seen.

[0127] FIG. 8 shows an analyzation instrument 201, such
as a flow cytometer, in which a first reflector 200 having a
partial ellipsoidal shape is disposed above a flow source
which produces a flow 237 of particles to be analyzed. The
reflector can be referred to as a partial ellipsoidal reflector as
it is essentially a halved ellipsoid. Nevertheless, it is under-
stood that given the contour of its surface it is recognized as
ellipsoidal or similarly having a partial ellipsoidal shape.
This first reflector 200 has both a near focal point 202
disposed near the top of the ellipsoid shown in FIG. 8 and
a distant focal point 204 disposed below the partial ellip-
soidal shape in FIG. 8. A central axis 208 of the partial
ellipsoidal shape is defined by these two focal points.

[0128] A second reflector 216 can be disposed or oriented
below the first reflector. Again, the second reflector can have
a partial ellipsoidal shape. Furthermore, the partial ellipsoi-
dal shape can have a near focal point 220 disposed near the
bottom of FIG. 8 and a distant focal point 224 disposed
overlapping or coincident with the distant focal point 204 of
the first reflector. In addition, the partial ellipsoidal shape of
the second reflector can have a central axis 228 defined by
its near and distant focal points. Preferably, the central axis
208 of the first reflector is substantially aligned with the
central axis 228 of the second reflector.

[0129] A source of electromagnetic radiation, such as an
arc lamp 212 can be disposed at the near focal point of the
first reflector 200. Due to the properties of an ellipsoid,
electromagnetic radiation emitted by the source of electro-
magnetic radiation from the near focal point 202 and inci-
dent upon the first reflector 200 can be reflected back to the
distant focal point of the first reflector. When the distant
focal point 204 of the first reflector and the distant focal
point 224 of the second reflector are coincident and the
central axis 208 of the first reflector and the central axis 228
of the second reflector are collinear, this reflected light can
continue on a path such that it is incident upon the second
reflector 216. The second reflector 216 can then reflect the
light which traveled through the distant focal point 224 of
the second reflector to the near focal point 220 of the second
reflector. In this fashion a real image of the source of
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electromagnetic radiation located at the near focal point 212
of the first reflector is created at the near focal point 220 of
the second reflector 216. Therefore, a very intense light
source can be concentrated on the inspection zone 236 of the
linear flow of particles when the inspection zone is located
at the near focal point 220 of the second reflector. Further-
more, this allows an arc lamp to be used—as a source with
collimated beams, such as a laser, is unnecessary due to the
ability of the reflectors to create a real image of the source
of the electromagnetic radiation. Plus, a filter, such as a
dichroic filter 240, can be used to filter out any wavelengths
of undesired electromagnetic radiation.

[0130] When illuminated particles fluoresce, the fluores-
cence 215 can be reflected by the second reflector back
towards a reflective surface, such as dichroic filter 240
which reflects the fluorescence to detector housing 244 to be
detected. Because of the ellipsoidal geometry a converging
set of beams is created—thus, there is no need for optics to
focus the fluorescence on the detector. FIG. 8 also shows that
a stream of cells can be deflected for sorting or analyzation
purposes as they fall through an opening in the second
reflector 216.

[0131] InFIG. 8, the first reflector and second reflector are
shown having focal lengths of f1 and {2 respectively. When
these focal lengths are equivalent and the distant focal points
are coincident and the central axes are aligned as shown, the
real image of the arc lamp will be the same size as the actual
arc lamp. However, in some cases it is desirable to shrink the
size of the real image of the arc source. This is the case when
there is a possibility of two cells being very close to one
another in the inspection zone of the stream. In such a case,
it can be important to reduce a real image so that incident
radiation is incident upon only the cell under analyzation
and not a second cell nearby. This prevents fluorescence
from a second cell which might give an incorrect analysis.
There is more likelihood of cells being close by when the
throughput of the analyzer is increased.

[0132] The arrangement of FIG. 8 could be used with only
the bottom reflector and an alternative light source to
illuminate the flow of particles. This might involve a laser
directed at the flow of particles or off the reflective surface
of'the ellipsoidal reflector 216. This is a unique arrangement
in flow cytometry, because the flow of particles is aligned
coaxially with the central axis of the ellipsoidal reflector 216
to pass through the near focal point of the ellipsoidal
reflector 216. After the flow of particles passes through the
focal point at which the particles are irradiated with elec-
tromagnetic radiation for the purpose of analyzation, they
can be sorted based upon their identifying characteristics.
Electrostatic plates can be provided and disposed below the
opening in the ellipsoidal reflective surface to deflect the
particles as they pass close to or between the electrostatic
plates. This embodiment is particularly unique in jet-in-air
types of flow cytometers.

[0133] In FIG. 9 a similar arrangement to that shown in
FIG. 8 can be seen, the major difference being that parabo-
loid shapes are being used for the reflectors. A first reflector
200 having a partial paraboloid shape, a focal point (or
focus) 302 is disposed to reflect electromagnetic radiation
from a source of electromagnetic radiation, such as arc lamp
312. The source of electromagnetic radiation can be posi-
tioned at the focus of the paraboloid such that all emissions
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originating from the focus and incident on the partial
paraboloid are reflected in collimated beams 313 toward a
second reflector 316. The first reflector 300 and the second
reflector 316 each have parabolic axes 308 and 338 respec-
tively. These axes can be aligned such that a real image of
the electromagnetic source appears at the focal point (or
focus) 320 of the second reflector 316. A flow source 332 can
provide a flow of particles 337 that flows through the focal
point 320 of the second reflector 316. The portion of the flow
of particles that flows through the focal point can be referred
to as the inspection zone 336 upon which the electromag-
netic radiation is focused so as to analyze a cell falling
through the inspection zone.

[0134] When the incident electromagnetic radiation is
incident upon a cell in the inspection zone, the stained cell
can be caused to fluoresce. This fluorescence 315 can then
be reflected by the second reflector 316 toward a reflector,
such as dichroic mirror 340, which directs the fluorescence
toward an optical apparatus 345 that focuses the fluores-
cence on a detector 344.

[0135] Once again, selection of equivalent focal lengths
for the first reflector f1 and second reflector {2 will provide
a real image of the arc lamp of the same size at the focal
point of the second reflector. Similarly, choosing a focal
length for the second reflector that is smaller than the focal
length of the first reflector will result in a smaller image that
will help prevent error when large throughput of cells is
desired and consequently cells are close together at the
inspection zone.

[0136] In FIGS. 8 and 9, one can see that plates can be
provided to sort cells as they exit the ellipsoidal or parabo-
loid shapes.

[0137] In another embodiment of the invention, a nozzle
400 can be provided with a reflector coupled to the nozzle
itself. In fact, the reflector can even be integral to the nozzle.
This presents a significant advantage to the user of the
analyzing apparatus as there is no need for alignment of the
components since the coupling can accomplish that task.
Referring to FIGS. 10, II, 12 and 13 one can see how various
embodiments of such a nozzle could be implemented. In
FIG. 10, a paraboloid nozzle is shown. The nozzle can be
manufactured of a material such as glass that permits the
transmission of electromagnetic radiation, such as visible
light. Incident beams of electromagnetic radiation from a
source of electromagnetic radiation, such as a laser source
520 in FIG. 11 pass through the nozzle body and are incident
on a reflector 402. The reflector 402 is coupled to the nozzle
itself rather than existing separate from the nozzle. An
opening 404 can be provided in the nozzle to allow a flow
of particles 408 to flow through. The reflector 402 can be
oriented to reflect the incident electromagnetic radiation at
the flow of particles 408.

[0138] Two possible shapes which can be used for the
reflective surface of the reflector are a paraboloid and an
ellipsoid. In FIG. 10, a paraboloid reflective surface 412 is
shown while in FIG. 11, an ellipsoidal reflective surface 512
is shown. As explained elsewhere, an inspection zone 416
can overlap a focal point(s) of the reflective surface, such as
focal point 420 of the paraboloid of FIG. 10 to produce the
desired reflection patterns.

[0139] The nozzle can be used with a source of electro-
magnetic radiation, such as a laser source 520 as shown in
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FIG. 11. However, it is also envisioned that an arc lamp or
other source could be used as well. The source of electro-
magnetic radiation emits beams 450 which can be directed
at the reflective surface. When the electromagnetic radiation
is incident upon a cell under analysis, fluorescence is created
as shown by beams 451.

[0140] To create the reflective surface, a variety of designs
are possible. First, the nozzle body could be shaped in a
paraboloid or ellipsoidal shape and then coated with a
reflective material 428 applied to the nozzle surface. Addi-
tionally, a reflector, such as a metal reflector 424 could be
inserted or embedded in the nozzle body as shown in FIG.
12. It might even be possible to rely on refractive properties
which cause internal reflection or even total internal reflec-
tion.

[0141] In FIG. 13, an embodiment is shown in which the
nozzle is shaped such that the focal point 420 of the
reflective surface is external to the nozzle. External is
intended to means outside of or away from the nozzle
border, In such an embodiment, electromagnetic radiation
could be directed at the focal point without needing to
traverse through the nozzle body.

[0142] Alternative embodiments of the invention can be
seen in FIGS. 14 and 15. In FIG. 14, the radial optics
configuration for a flow cytometer 500 can combine 360
degree radial illumination and radially symmetric collection
of fluorescence from particles or cells as they pass through
the inspection point. A glass cone 516 and a paraboloid
reflector 528 can be used. The optical beam of a laser 508
can be steered onto the point of the glass cone. The beam can
then be refracted into a divergent cone of light which is
retro-reflected to produce a cylinder of laser light which
encircles and is antiparallel to the input beam. This light
cylinder can then be reflected by a 45 degree elliptical ring
mirror 512 and aligned parallel to the optical axis of the
paraboloid reflector 528. The angle of incidence of the
cylindrical beam at the reflector is 45 degrees, causing the
beam to form a coplanar convergent disk perpendicular to
and focused on the sample stream.

[0143] Stained cells can be carried by the sample stream
through the radial excitation focus and caused to fluoresce.
Much of the fluorescence can be collected by the paraboloid
reflector and projected out in a collimated beam onto an
aspheric condensing lens 504. The lens can focus the fluo-
rescent light to a spot which is imaged by a microscope
objective 520 into a phomultiplier tube (PMT) 501 and filter
housing. Optical alignment of specimens flowing through
the focal region of the paraboloid reflector can be achieved
by adjusting the flow cell position to maximize fluorescent
signals from calibration microspheres. The paraboloid
reflector can have a hole or opening in the base through
which the sample stream can exit and where a jet observa-
tion camera and droplet sorting mechanism 532 can be
situated.

[0144] InFIG. 15, a simplified version of the geometry of
FIG. 14 is shown. The fluorescence collection elements can
be retained to provide radially symmetric detection of cells
as they pass through the inspection point of the flow cytom-
eter. Excitation of cells can be performed by steering a laser
beam 608 onto the paraboloid reflector 628 at an incidence
angle that results in beam delivery from one direction
similar to standard flow cytometer illumination. This can be
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accomplished by reflecting the beam off mirror 612. Detec-
tion of cells can be performed by a paraboloid reflector and
aspheric lens combination. A single PMT, for example with
a 40 OLP filter, can be positioned to collect all of the light
focused by the aspheric lens. An additional neutral density
filter (ND=1.3) can also be used to prevent saturation of the
detector even at low PMT amplifier voltages.

[0145] The embodiment in FIG. 15 is particularly useful
as it does not require as extensive an alignment of optics as
is required in other embodiments. An ellipsoidal collector
could also be used to deliver the laser light reflected from an
adjusted mirror 612 and to reflect fluorescence to be col-
lected at the PMT. The embodiments in FIG. 15 and are
particularly advantageous because of the simplistic substan-
tially coaxial alignment of the reflector with the detector.

[0146] 1t should be appreciated that the embodiments
described in this description rely on physical arrangements
that may not permit total or perfect collection, transmission,
symmetry, reflection, alignment, etc. due to physical limi-
tations of mirrors, optics and physical orientation of equip-
ment. In view of these limits, such properties still may be
considered at the very least as substantial.

[0147] The application also discloses the use of reflectors
(20, 78, 216, 316, 400) having internal reflective surfaces
shaped as three-dimensional figures of revolution, for
example paraboloid or ellipsoid. The reflectors (20, 78, 216,
316) focus light incident onto the reflectors at one or more
foci (F, 220, 320, 420). The reflectors may be used in
combination with the optical apparatus including the prisms
(1, 22, 24, 26, 28). The reflectors (20, 78, 216, 316) may be
used in flow cytometers for focusing light at a sample stream
(237, 337) passing through the focus (F, 220, 320, 420) of
the reflector (20, 78, 216, 316). The collection of scattered
and/or fluorescent light from an illuminated sample stream
(237, 337) in a flow cytometer may be achieved with the use
of'a collector shaped as a figure of revolution e.g. paraboloid
or ellipsoid.

[0148] Aspects of the present invention have been
described by way of example only and it should be appre-
ciated that modifications and additions may be made thereto
without departing from the scope thereof.

[0149] As can be easily understood from the foregoing,
the basic concepts of the present invention may be embodied
in a variety of ways. It involves both optical techniques as
well as devices to accomplish the appropriate optical tech-
nique. In this application, the optical techniques are dis-
closed as part of the results shown to be achieved by the
various devices described and as steps which are inherent to
utilization. They are simply the natural result of utilizing the
devices as intended and described. In addition, while some
devices are disclosed, it should be understood that these not
only accomplish certain methods but also can be varied in a
number of ways. Importantly, as to all of the foregoing, all
of these facets should be understood to be encompassed by
this disclosure.

[0150] The discussion included in this application is
intended to serve as a basic description. The reader should
be aware that the specific discussion may not explicitly
describe all embodiments possible; many alternatives are
implicit. It also may not fully explain the generic nature of
the invention and may not explicitly show how each feature
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or element can actually be representative of a broader
function or of a great variety of alternative or equivalent
elements. Again, these are implicitly included in this dis-
closure. Where the invention is described in device-oriented
terminology, each element of the device implicitly performs
a function. Apparatus claims may not only be included for
the device described, but also method or process claims may
be included to address the functions the invention and each
element performs. Neither the description nor the terminol-
ogy is intended to limit the scope of the claims that will be
included in this or any subsequent patent application.

[0151] 1t should also be understood that a variety of
changes may be made without departing from the essence of
the invention. Such changes are also implicitly included in
the description. They still fall within the scope of this
invention. A broad disclosure encompassing both the
explicit embodiment(s) shown, the great variety of implicit
alternative embodiments, and the broad methods or pro-
cesses and the like are encompassed by this disclosure and
may be relied upon when drafting the claims for any
subsequent patent application. It should be understood that
such language changes and broader or more detailed claim-
ing may be accomplished at a later date (such as by any
required deadline) or in the event the applicant subsequently
seeks a patent filing based on this filing. With this under-
standing, the reader should be aware that this disclosure is
to be understood to support any subsequently filed patent
application that may seek examination of as broad a base of
claims as deemed within the applicant’s right and may be
designed to yield a patent covering numerous aspects of the
invention both independently and as an overall system.

[0152] Further, each of the various elements of the inven-
tion and claims may also be achieved in a variety of
manners. Additionally, when used or implied, an element is
to be understood as encompassing individual as well as
plural structures that may or may not be physically con-
nected. This disclosure should be understood to encompass
each such variation, be it a variation of an embodiment of
any apparatus embodiment, a method or process embodi-
ment, or even merely a variation of any element of these.
Particularly, it should be understood that as the disclosure
relates to elements of the invention, the words for each
element may be expressed by equivalent apparatus terms or
method terms—even if only the function or result is the
same. Such equivalent, broader, or even more generic terms
should be considered to be encompassed in the description
of each element or action. Such terms can be substituted
where desired to make explicit the implicitly broad coverage
to which this invention is entitled. As but one example, it
should be understood that all actions may be expressed as a
means for taking that action or as an element which causes
that action. Similarly, each physical element disclosed
should be understood to encompass a disclosure of the
action which that physical element facilitates. Regarding
this last aspect, as but one example, the disclosure of a
“reflector” should be understood to encompass disclosure of
the act of “reflecting”—whether explicitly discussed or
not—and, conversely, were there effectively disclosure of
the act of “reflecting”, such a disclosure should be under-
stood to encompass disclosure of a “reflector” and even a
“means for reflecting” Such changes and alternative terms
are to be understood to be explicitly included in the descrip-
tion.
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[0153] Any acts of law, statutes, regulations, or rules
mentioned in this application for patent; or patents, publi-
cations, or other references mentioned in this application for
patent are hereby incorporated by reference. Any priority
case(s) claimed by this application is hereby appended and
hereby incorporated by reference. In addition, as to each
term used it should be understood that unless its utilization
in this application is inconsistent with a broadly supporting
interpretation, common dictionary definitions should be
understood as incorporated for each term and all definitions,
alternative terms, and synonyms such as contained in the
Random House Webster’s Unabridged Dictionary, second
edition are hereby incorporated by reference. Finally, all
references listed in the list of References To Be Incorporated
By Reference In Accordance With The Provisional Patent
Application or other information statement filed with the
application are hereby appended and hereby incorporated by
reference, however, as to each of the above, to the extent that
such information or statements incorporated by reference
might be considered inconsistent with the patenting of
this/these invention(s) such statements are expressly not to
be considered as made by the applicant(s).

[0154] Thus, the applicant(s) should be understood to have
support to claim and make a statement of invention to at
least: i) each of the optical devices as herein disclosed and
described, ii) the related methods disclosed and described,
iii) similar, equivalent, and even implicit variations of each
of these devices and methods, iv) those alternative designs
which accomplish each of the functions shown as are
disclosed and described, v) those alternative designs and
methods which accomplish each of the functions shown as
are implicit to accomplish that which is disclosed and
described, vi) each feature, component, and step shown as
separate and independent inventions, vii) the applications
enhanced by the various systems or components disclosed,
viii) the resulting products produced by such systems or
components, ix) each system, method, and element shown or
described as now applied to any specific field or devices
mentioned, x) methods and apparatuses substantially as
described hereinbefore and with reference to any of the
accompanying examples, xi) the various combinations and
permutations of each of the elements disclosed, xii) each
potentially dependent claim or concept as a dependency on
each and every one of the independent claims or concepts
presented, and xiii) all inventions described herein.

[0155] In addition and as to computer aspects and each
aspect amenable to programming or other electronic auto-
mation, the applicant(s) should be understood to have sup-
port to claim and make a statement of invention to at least:
xvi) processes performed with the aid of or on a computer
as described throughout the above discussion, xv) a pro-
grammable apparatus as described throughout the above
discussion, xvi) a computer readable memory encoded with
data to direct a computer comprising means or elements
which function as described throughout the above discus-
sion, xvii) a computer configured as herein disclosed and
described, xviii) individual or combined subroutines and
programs as herein disclosed and described, xix) the related
methods disclosed and described, xx) similar, equivalent,
and even implicit variations of each of these systems and
methods, xxi) those alternative designs which accomplish
each of the functions shown as are disclosed and described,
xxii) those alternative designs and methods which accom-
plish each of the functions shown as are implicit to accom-
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plish that which is disclosed and described, xxiii) each
feature, component, and step shown as separate and inde-
pendent inventions, and xxiv) the various combinations and
permutations of each of the above.

[0156] With regard to claims whether now or later pre-
sented for examination, it should be understood that for
practical reasons and so as to avoid great expansion of the
examination burden, the applicant may at any time present
only initial claims or perhaps only initial claims with only
initial dependencies. Support should be understood to exist
to the degree required under new matter laws—including but
not limited to European Patent Convention Article 123(2)
and United States Patent Law 35 USC 132 or other such
laws—to permit the addition of any of the various depen-
dencies or other elements presented under one independent
claim or concept as dependencies or elements under any
other independent claim or concept. In drafting any claims
at any time whether in this application or in any subsequent
application, it should also be understood that the applicant
has intended to capture as full and broad a scope of coverage
as legally available. To the extent that insubstantial substi-
tutes are made, to the extent that the applicant did not in fact
draft any claim so as to literally encompass any particular
embodiment, and to the extent otherwise applicable, the
applicant should not be understood to have in any way
intended to or actually relinquished such coverage as the
applicant simply may not have been able to anticipate all
eventualities; one skilled in the art, should not be reasonably
expected to have drafted a claim that would have literally
encompassed such alternative embodiments.

[0157] Further, if or when used, the use of the transitional
phrase “comprising” is used to maintain the “open-end”
claims herein, according to traditional claim interpretation.
Thus, unless the context requires otherwise, it should be
understood that the term “comprise” or variations such as
“comprises” or “comprising”, are intended to imply the
inclusion of a stated element or step or group of elements or
steps but not the exclusion of any other element or step or
group of elements or steps. Such terms should be interpreted
in their most expansive form so as to afford the applicant the
broadest coverage legally permissible.

[0158] Finally, any claims set forth at any time are hereby
incorporated by reference as part of this description of the
invention, and the applicant expressly reserves the right to
use all of or a portion of such incorporated content of such
claims as additional description to support any of or all of
the claims or any element or component thereof, and the
applicant further expressly reserves the right to move any
portion of or all of the incorporated content of such claims
or any element or component thereof from the description
into the claims or vice-versa as necessary to define the
matter for which protection is sought by this application or
by any subsequent continuation, division, or continuation-
in-part application thereof, or to obtain any benefit of,
reduction in fees pursuant to, or to comply with the patent
laws, rules, or regulations of any country or treaty, and such
content incorporated by reference shall survive during the
entire pendency of this application including any subsequent
continuation, division, or continuation-in-part application
thereof or any reissue or extension thereon.
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1. An optical apparatus comprising:

a prism having a conical portion with an apex at a forward
end of the prism and a central axis extending through
the apex of the prism;

an optical arrangement including a source of electromag-
netic radiation, the optical arrangement adapted to
direct an incident beam of electromagnetic radiation
onto the apex of the conical portion in a direction
substantially aligned with the central axis of the conical
portion; and

a reflective surface provided behind the apex of the prism;

such that the beam refracted by the prism will be reflected
by the reflective surface back through the prism to
project from the forward end of the prism as an annular
beam of electromagnetic radiation.

2. An optical apparatus as described in claim 1 wherein
the prism also includes a cylindrical base portion at a rear
end thereof which has a cross-section corresponding to the
base of the conical portion.

3. An optical apparatus comprising:

a prism having a pyramidal portion with an even number
of inclined faces meeting at an apex at a forward end of
the prism and a central axis extending through the apex;
and

an optical arrangement including a source of electromag-
netic radiation,

wherein the optical arrangement adapted to direct an
incident beam of electromagnetic radiation onto the
apex of the pyramidal portion in a direction substan-
tially aligned with the central axis of the pyramidal
portion; and

a reflective surface provided behind the apex of the prism
such that the beam refracted by the prism will be
reflected by the reflective surface back through the
prism to project from the forward end of the prism as
a number of parallel beams.

4. An optical apparatus as described in claim 3 wherein
the prism further includes a base portion at a rear end thereof
which has a cross-section corresponding to the base of the
pyramidal portion.

5. An optical apparatus as described in claim 1 or 3
wherein the reflective surface is provided at the rear end of
the prism.

6. An optical apparatus as described in claim 2 or 4
wherein the reflective surface is provided at the rear end of
the base portion.

7. An optical apparatus as described in claim 2 or 4
wherein the reflective surface is spaced from the base
portion.

8. An optical apparatus as described in claim 7 wherein
the spacing of the reflective surface from the base portion is
adjustable.

9. An optical apparatus as described in claim 1 or 3 further
comprising a paraboloid reflector having an internal parabo-
loidal shaped reflective surface, a focus and an optical axis,
the reflector being oriented to receive on its reflective
surface, the electromagnetic radiation projected from the
forward end of the prism.

10. An optical apparatus as described in claim 9 further
comprising a second reflector disposed between the prism
and the paraboloid reflector, the second reflector having
reflective portions to reflect the incident beam from the
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source onto the apex of the prism and one or more trans-
mitting portions to transmit the beam(s) projected from the
forward end of the prism.

11. An optical apparatus comprising:

an optical configuration adapted to produce an annular
beam of electromagnetic radiation having a central axis
or plurality of beams of electromagnetic radiation
wherein said plurality of beams are evenly spaced from
a central axis; and

a focusing reflector having an internal reflective surface
having an optical axis and one or more foci, the
reflector being oriented to substantially receive, onto its
reflective surface, the annular beam or the plurality of
beams of electromagnetic radiation.

12. An optical apparatus as described in claim 11 wherein

the optical element is a reflective axicon.

13. An optical apparatus as described in claim 11 wherein
the optical element is a waxicon.

14. An optical apparatus as described in claim 11 wherein
the internal reflective surface is paraboloid in shape.

15. An optical apparatus as described in any one of claims
9 or 11 wherein the optical axis of the reflective surface is
substantially aligned with the central axis.

16. A flow cytometer that comprises the apparatus as
claimed in any one of claims 9 or 11, wherein the flow
cytometer further comprises a flow source to produce a flow
of particles to be analyzed, the flow source being adapted to
direct the flow of particles substantially through the focus or
one of the foci of the reflective surface.

17. A flow cytometer as claimed in claim 16 wherein the
flow source is adapted to substantially align the flow with the
optical axis of the reflective surface.

18. A flow cytometer as described in claim 16 wherein an
aperture is provided in the focusing reflector for passage of
the flow beyond the paraboloid reflector.

19. A flow cytometer as described in claim 18 wherein the
flow source includes a nozzle and wherein electrostatic
droplet deflection sorting apparatus is provided below the
aperture in the focusing reflector.

20. A flow cytometer as described in claim 16 wherein the
source of electromagnetic radiation provides ultra violet
light.

21. An optical method comprising the steps of:

providing a prism having a conical portion with an apex
at the forward end, a central axis extending through the
apex and a reflective surface provided behind the apex
of the prism; and

directing an incident beam of electromagnetic radiation
onto the apex of the conical portion in a direction
substantially aligned with the central axis of the conical
portion to produce an annular beam of electromagnetic
radiation projecting from the forward end of the prism.
22. An optical method comprising the steps of:

providing a prism having a pyramidal portion with an
even number of inclined faces meeting at an apex at a
forward end of the prism, a central axis extending
through the apex and a reflective surface provided
behind the apex of the prism; and
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directing an incident beam of electromagnetic radiation
onto the apex of the pyramidal portion in a direction
substantially aligned with the central axis of the pyra-
midal portion to produce parallel beams of electromag-
netic radiation projecting from the forward end of the
prism.

23. An optical method as described in claim 21 or 22

further comprising the steps of:

orienting the paraboloid reflector such that it receives,
onto its reflective surface, the one or more beams of
electromagnetic radiation projected from the forward
end of the prism; and

reflecting with a paraboloid reflector having an internal
reflective surface of paraboloid shape, the reflective
surface having an optical axis and a focus.
24. An method as described in claim 23 further compris-
ing the step of:

substantially aligning the optical axis of the reflective

surface with the central axis of the prism.

25. An method as described in claim 23 further compris-
ing the step of directing a flow of particles to be analyzed
through the focus of the paraboloid reflector.

26. An method as described in claim 25 further compris-
ing:

substantially aligning the flow with the optical axis of the

reflective surface.

27. An analyzation instrument comprising:

a flow source to produce a flow of particles to be analyzed,
the flow source being adapted to direct the flow of
particles through an inspection zone; and

an optical arrangement including a source of electromag-
netic radiation,

wherein the optical arrangement adapted to converge the
electromagnetic radiation as substantially coplanar,
substantially radially symmetric electromagnetic radia-
tion towards the inspection zone.

28. An analyzation instrument as described in claim 27
and further comprising a central axis along which the flow
of particles is directed, wherein the optical arrangement is
adapted to converge an annular disc of electromagnetic
radiation symmetrically relative to the central axis.

29. A method of analyzing comprising the steps of:

providing a flow of particles to be analyzed;

directing the flow of particles to be analyzed through an
inspection zone; and

converging a source of electromagnetic radiation as sub-
stantially coplanar, substantially radially symmetric
electromagnetic radiation towards the inspection zone.
30. A method as described in claim 29 and further
comprising the step of converging an annular disc of elec-
tromagnetic radiation symmetrically relative to a central axis
along which the flow of particles is directed.
31-116. (canceled)



